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ABSTRACT: 

A multilayer printed circuit board (40) consists of dielectric layers (40A, 408, 40C. 40D) . Prior to 
lamination, each corner of each layer is marked with a test pattern consisting of two conductor 
lines (32A, 32B, 32C. 32D) and (34A, 34B. 34C. 34D) which intersect to form a cross. The test 
patterns are located in the same nominal positions so that, under ideal conditions, the test 
patterns of the layers in each corner are lined up one above the other, without any offset A 
counter sinking tool (45) is used to cut a conical bore (42) in the location of the test patterns, so 
that every test pattern cross is interrupted in four places, generating a four segment pattern \n 
each layer. The patterns of different layers create concentric circles in the bore. A high 
resolution camera is placed above the countersunk bore to form a single image of the exposed 
segment edges of all the test patterns exposed by the bore. The image is analyzed to determine 
the amount of shift of each layer. If all patterns are perfectly concentric, all crosses are perfectly 
aligned. By measuring the shift of each pattern from the nominal position, the amount of shift in 
each layer is determined. The process is repeated for the test patterns at each corner of the 
t>oard, and the resultant layer shift data is processed to optimize the drilling pattern for the board. 
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@ DrOI coordinate optimization for multi-layer printed circuit t>oard. 

(g) A multilayer printed circuit board (40) consists of dielectric layers (40A. 40B. 400. 40D) . Prior to 
lamination, each comer of each layer is martced with a test pattern consisting of tvw> conductor lines 
(32A. 32B. 320. 32D) and (34A, 348. 340. 34D) which intersect to fonn a crosa The test patterns are 
located in the same nominal positions so ttiat. under ideal conditions, the test patterns of the layers in 
each comer are lined up one above the other, wittiout any offset A counter sinking tool (45) is used to 
cut a conical bore (42) in the location of the test patterns, so thai every test pattern cross is intenupted 
In four places, generating a four segment pattern in each layer. The patterns of different layers create 
concentric circles in the bore. A high resolution camera is placed at>ove the countersunk bore to fonn a 
single image of the exposed segment edges of all the test patterns exposed by the bore. The Image is 
analyzed to determine the amount of shift of each layer. If all patterns are perfectiy concentric all 
crosses are perfectly aligned. By measuring the shift of each pattern from the nomind position, the 
amount cf shift in each layer is detemiined. The process is repeated for the test patterns at each comer 
of the board, and the resultant layer shift data is processed to optimize the drilling pattem for the tx>ard. 
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This inv ntfon relates to the drilling f holes in multi^layer printed circuit t>oards (PCBs). and more partio 
ularly.t a techniqu for optimizing th drilled hoi patterns to compensate for lamination drift in th various 
layers fthePCB. 

Asthesp ed and complexity of lectronic products increases, so d thechali ng s of manufacturing these 
5 products. The shrinking featur sizes f high-tech electronics are necessary to achieve the high dock speeds 
of digital electronics. This minlaturizatton is often achieved by adding more inner layers to PCBs and reducing 
the size of the circuit features. Miniaturization requires all manufacturing process tolerances to be reduced. 

Originally, plated through holes in multilayers performed two functions, to interconnect layers, and to pro- 
vkJe mounting for components. Surface nwunted technology eliminated the need for the component mounting 
10 function. Therefore, the only purpose of the plated through hole is to interconnect the layers of the multilayer 
t>oard. 

The requirement for high speed in circuitry dfctates high density of conductors, consequently, smaller trao- 
es and pads are designed. Printed circuit material is Inherently unstable, therefore, small features drift during 
laminatfon. Laminating drift is getting bigger in proportton to the feature of the circuit board. For exam- 

15 pie. .002" drift in laminatton represents a snr^l percentage of a .030" diameter pad. However, the 
same .002" drift is very significant for a .010" pad. In additfon. the annular ring of a .030" diameter pad with 
a .018" diameter hole will be .006" in contrast to a .010" pad with a .006" diameter hole whfch will be .002". 
This conditton does not require absolute positioning accuracy since the components are not mounted through 
the hole. Instead, uniform drift of all the layers during lamination is necessary to line up all layers of the circuitry. 

20 The remaining task is to find the pad and determine the actual drift and drill the hole through it without breaking 
out of the annular ring. 

Producing high density multilayer boards involves a laminatk)n process. During the laminatton process 
heat and pressure are applied to the stack of layers in order to bind it together. During this process, dimensional 
changes occur In the posltton of the circuitry in each layer. In most cases, special test coupons with f kJuciary 
25 martcs are designed into the boards in order to determine the anfK>unt of image shift during the lamination proc- 
ess. By comparing nominal locatfons with actual tocatfons of the fiduciary marks, the amount of shift can be 
detemnined. The shifts of all points can be analyzed by computer to determine average conrectton in X. Y and 
theta axes to optimize the pattern and detenmine the best fit between the theoretteal axes and the actual axes 
of the board. 

30 The continually decreasing size of high density multilayer features applies more demands from registration 
accuracy. Hard tooling methods are no longer adequate for the accuracies required to ensure proper registra- 
tton between circuitry details and drilled holes, or registratton edges of the high density multilayers. External 
X-ray methods of determining shift are time consuming and not very accurate. Such methods typically employ 
an independent X-ray system, located apart from the drilling machine, which require removing the board from 

35 the drilling machine and do not provide adequate resolution. Also, correction numbers had to be fed into the 
controller of the drilling machine manually. This method is slow and not accurate enough. In additton, it requires 
transfer of the board from the drilling machine which introduces tooling errors to the process. 

The object of the invention is to provkJe a practteal means of determining lamination drift in the multilayers 
and apply appropriate corrections to obtain the bestf it between the actual and theoretical pattern before drilling 

40 without removing the board from the drilling machine. 

SUMMARY OF THE INVENTION 

Amethod is described for optimizing drill coordinates in a laminated multilayer printer circuit board, to com- 
45 pensate for layer-to-layer shifts from nominal alignments. The method includes the following steps: 

forming one or more spaced test patterns in at least two of the layers prior to laminatmn. arranged at 
one or more predetermined nominal test pattern locations in layers, so that a test pattern in at least one layer 
nominally overlays a test pattern in another layer under nominal board assembly condittons; 

forming an opening in an exposed surface of the laminated circuit board at each of the test pattern lo- 
50 cattons. having a depth suff teient to penetrate each layer having the test patterns formed therein and having 
a cross-sectional dimension which decreases in size from a dimension at the board surface to a smaller di- 
menston. thereby exposing edges of the test patterns in sidewalls of the openings; 

forming from above the surface a single image of each opening, each image comprising pbcels repre- 
s ntingthe xposededg s of the test patterns; 
S5 processing the Images to detenmin from th exposed test pattern edges deviattons from nominal pos- 

itions of the test patterns fth layers; and 

using the deviatfons to optimiz drill coordinates to comp nsat forth d viattons. 
In a pref rred embodiment, th openings are tapered and formed by a conical cutting tool. 
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In accordance with anoth r aspect of the invention, an automated drilling system is described. The system 
includes a work tabi having m ans for registering a mounted position of a workpiece, and a drilling spindle 
having a spindl axis mount dorthog nally to the work taW . An optical image means is included f r capturing 
d^itized optical Images of an area of th workpiece mounted nth work table, from an Image position gen- 
5 erally orthogonal to the wortc table and spaced from a surfece of the workpiece mounted at the registered pos- 
itron. A precfeion positioning means effects relatWe movement between the woric table and the spindle and 
between the woric table and the image position In a plane orthogonal to a spindle axis. 

A nominal drill pattern program specifies nominal drill size and coordinates of a drill pattern to be drilled 
into the board. The system further includes a drill coordinate optimizatfon means for compensating the nominal 
10 drill coordinates for inter-layer shifts of layers comprising the board from nominal posittons. The optimizing 
means comprising means for cutting an opening into the board at the nominal test pattern locatfons. the open- 
ing having an opening depth and cross-sectfonal din^enslon which decreases from the board surface to the 
depth so as to expose portions of the test patterns in said various layers to view from above the surface. 

The optimizing nrieans further includes nr>eans for operating the positioning system for each test pattern 
IS locatron to position the opening relative to the image position so that an optical image of the opening is visible 
from the image location, and means for operating the Image means to capture a single image of the opening 
and the visible portions of the test patterns. A processor processes the images to determine deviatfons from 
nominal layer locattons of the respective layers and to calculate compensation values, and modifies the nom- 
inal hole coordinates by the compensatton values. The system control then operates the positioning means 
20 and drilling spindle to drill the board in accordance with compensated hole coordinates. 

BRIEF PESCRIPTION OF THE DRAWING 

These and other features and advantages of the present Invention will become more apparent from the 
25 following detailed description of an exemplary embodiment thereof, as illustrated in the accompanying draw^ 
Ings, in which: 

FIG. 1 1s a top view of an exemplary multilayer PCB having a plurality of test patterns defined in each layer 
in accordance with an embodiment of this invention. 

FIG. 2 is a cross-sectional view taken along line 2-2 of FIG. 1. 
30 FIG. 3 illustrates an exemplary test pattern in accordance with an embodiment of the invention. 

FIG. 4 Is a schemata block diagram of an embodiment of a drilling system in accordance with the invention. 
FIG. 5 Is a front view of a portk>n of the drilling system of FIG. 4. 

FIG. 6 is a cross-sectional view of a PCB, taken through a conical opening cut therein to expose test pat- 
terns in accordance with the invention. 
35 FIGS. 7 and 8 are exemplary camera images taken from above the PCB conical opening of FIG. 6. 

FIGS. 9A and 9B illustrate a flow diagram of the optimization method of this invention. 
FIG. 1 0 illustrates an alternate form of test pattern opening fomied in the PCB. formed by sequential use 
of progressively smaller drilling tools. 

FIG. 11 illustrates a calibratfon station for calibrating the relationship of the cutting tool tip to the spindle 
40 pressure foot, to enable precise control of the depth of a drill stroke. 
FIG. 12 illustrates a test pattern comprising an array of crosses. 

FIG. 13 shows an exemplary coordinate system for compensatton calculattons In an exemplary least 
squares, bets fit algorithm. 

« DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

This Inventton detenmines corrections to be applied to a printed circuit drill program to optimize the drilled 
hole patterns with respect to the distorted layers. An optimization nr>eans mathennatically determines the com- 
pensation values pc-offeet, Y-offset, X-stretch, Y-stretch, and rotatfon) such that circular annular rings on se- 

so lected layers will exhibit no break-out when a hole is drilled. 'Break-out* refers to the portton of a drilled hole 
area which extends outside the pad circumference. This technique will also Inspect the lamination registration 
and prevent drilling an excessively distorted panel unable to meet the final design goals. This method demon- 
strates advantages over conventional techniques In speed, accuracy, target area, and simplicity. 

FIG. 1 is a top view of an xemplary multilayer, laminated PCB 40. In a pr ferred embodiment of the in- 

55 V ntion, a target cross pattern 30 comprising two orthogonal 5 to 10 mil lines 32 and 34 is added to each of 
the four corners of each layer artwortc for th PCB 40. An exemplary pattern is shown In FIG. 3. Each cross 
patt rn is tocated precisely at th same nominal coordinate positron on each lay r. and the nominal coordinates 
of all target patterns are known. Each layer typfcally includes a surface lay r of conductiv material such as 
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copper on a dielectric substrate. Th conductive layer is selectively tched away to form th target by use of 
conventionaJ board fabrication techniques. The patt rns 30 can be placed in a 0.125 inch circular ring with no 
lines xt nding beyond the ring. The ring is optional, but denronstrates the small footprint required for use of 
this technique. The various layers ar then laminated togeth r in the convention manner t formth multilay r 
PCBJt is during this lamination process that displacements fth various lay rs from the nominal aligned pos- 
itions occur, as* a result of the heat and pressure applied. This Invention is to compensate for such unwanted 
displacements. 

The next stage in the fabrication process of a finished board is to drill the many holes used typically for 
Interconnections between points on the layers. 

The multilayer printed circuit board 40 with the cross target 30 defined In each layer Is aff wed to the tooling 
plate 52A of a drilling system 50. as shown in FIG. 4, equipped with a computer vision system comprfeing an 
image system 62 employing a telecentric lens 64 and an image processing computer 66. TTie system 60 is 
controlled by a system controller 70, and includes a work table 52 on which the tooling plate 52A is mounted. 
A precision X-Y positioning system 54 precisely positions the work table 52 In relatnn to a drilling spindle 56 
which drives a drilling tool 68. and relative to the image system 62 and lens 64. In an exemplary embodiment, 
the X-Y posittoning system 54 moves the table 62 along the Y axis, and moves the spindle and lens atong the 
X axis, to position the woricpiece 40 relative to the spindle and lens, which are mounted on a movable can-iage 
which can be driven along the X axis and is attached to an overhead beam also extending atong the X axis. 
The spindle moves the drilling tool in the Z axte to perform drilling sequences. Such split-axis positioning sys- 
tems are well known in the art Alternath^ely. an X-Y positioning system as descn'bed in U.S. Patent 4,761 .876 
could also be employed. 

The drilling system 50 further includes a tool changer 60 for dispensing different tools used in operation 
of the system. A suitable tool changer and method of operation is described, for example, in U.S. Patent 
5.068.958. 

FIG. 5 illustrates a exemplary arrangement of elements of the drilling system 50 in further detail. The spin- 
dle 56 Includes a Z-axis motor 56A. a housing 56B and a rotatfonal spindle drive motor 56C including a rotor 
to which is secured a tool chuck 56D, which secures the tod 58. Tlie spindle housing 56B is secured to a car- 
riage 84 arranged for translatk>n along a horizontal support beam 80 fixed in position above the woric table 52 
by vertical beams 82. The canoera 62 is also secured to the carriage 84. and nrioves along the X axis with the 
spindle. The camera 62 in a prefen-ed form includes a CCD array for forming a digitized image of the scene 
viewed through the gaging lens 64. Cameras suitable for the purpose are commercially available, for example 
the TM-7CN miniature high resolution CCD camera marketed by PULNbc America Inc.. 770 Lucerne Drive, Sun- 
nyvale CA 94806. The computer vision system further includes an LED light ring 62A comprising a ring ofLEDs 
disposed around the periphery of the lens 64 to provide illumination of the conical bores formed in the PCB 
40. The use of a red illuminatton source has been found to work well in providing detailed images of the PCB. 
The tool changer 60 includes a tool magazine 60A mounted on the carriage 84. and a tool changer gripper 608 
mounted at a skje of the work table 52. 

The nominal coordinates and hole sizes for the particular workpiece 40 are defined by a v«)rkpiece drill 
program 72. The drill coordinates and program specifications will of course be customized for each type of 
woricpiece. The drill program can be accessed by the system controller 70, e.g., through a disk drive or other 
conventional data input device. 

Accuracy is improved when using the drilling system 50 to measure and drill the printed circuit board with- 
out removing it from the tooling pins 528. Simply removing the board from the tooling pins and replacing it 
can. in a typical drilling system, account for 0.0004 inches of positfon offset This error can in a typical appli- 
cation use one-third of the total tolerance budget. 

To optimize the drill coordinates to the partfcular printed circuit board 40. the drilling system 50 is then 
operated under computer control to cut a cone-shaped opening in the PCB at each corner target area, exposing 
edges of the 5 to 10 mil lines of each layer. The opening may be cut, for example, by use of a conventional 
counter-sink tool 45 having a tip defining an included angle of about 100 degrees, although other angles will 
also provide satisfactory vision of the layers. 

The drilling system 50 precisely controls the depth of the cutting operation fomning the opening regfon 42. 
To ensure precise depth control, the position of the cutting tool tip in relation to the spindle pressure foot is 
calibrated each time the cutting tod is pfcked from the tool changer. One exemplary technique for this call- 
bratton is illustrat d in FIG. 1 1 . The system 50 includes a calibration station 90 mounted to the side of th worit 
table 52 beside the tool changer gripper 60B. The station Includes a surface 90A and an optfcal s nsor com- 
prising a semiconductor las r 908 for generating a sensor beam 90C a precisely known distance below the 
surface 90A and a photodetector tun d to th laser wavel ngth for d tecting th beam. An opening 90E is 
formed in the surface 90A. TTie spindle with the cutting tool in the spindle chuck is moved over the calibration 
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surface opening 90E. as shown in FIG. 11. and th 2-axis driv f the spindle is activat d to gently lower the 
tool t the calibration stati n. As th tool Is I wered, the pressure foot contacts the surface 90A. resulting in 
relative movem nt l)elween the pressur foot and spindle body in th convent! nal mann r. Position sensors 
56F and 56G keep track of movement of the spindle body along the 2 axis and m V ment of th pressur foot 
5 relative to the spindle body, r spectively. The tool is lowered until its tip breaks the laser beam, tripping the 
sensor. The pressure foot relative movement is monitored by the high resolution (.000020) linear scale sensor 
56G. The distance the spindle body travels downwardly after the pressure foot contacts the surface 90A until 
the sensor detector 90D is tripped provides a measurement which can. with the distance of the beam from the 
surface 90A. be used to calculate the exact relationship of the driH tip to the pressure foot This in turn permits 
10 the system to precisely control each drill stroke to a very precise depth, e.g. within plus/minus 1 .5 mils. 

FIG. 6 illustrates a cross-seclfonal view of a portfon of an exemplary PCB 40 in which a cone-shaped open- 
ing region 42 has been cut along a core axis 33 to expose edges of the lines of each layer's test pattern. Thus, 
exemplary PCB 40 in FIG. 6 has four dielectric layers 40Ar40D. on which target pattern lines 32A-D and 34A- 
D have been formed prior to laminatton of the layers. 
IS Instead of a smoothly tapered opening regton 42 such as a conical configuration, the opening region 42 
can be formed by sequential use of progressively smaller diameter conventfonal drills, by changing the tool 
size as each progresswe cross layer is exposed, thereby producing an opening having stepped diameters, 
which are reduced as each successive layer is exposed. This process allows the vision computer to dosely 
monitor the depth of each layer. Moreover, since a larger area of each cross line is exposed at each layer shelf. 
20 this type of opening can provWe improved visfon and resolutbn in some instances. Such an alternative opening 
configuratfon 42* is illustrated in FIG. 10 for a five layer board 40'. Here, a cutting tool having diameter D1 is 
used tQ cut a shaflow opening to the depth of the test pattern on the second layer, a cutting tool having diameter 
D2 smaller than D1 is used to cut a slightly deeper hole to the depth of the test pattern on the third layer, and 
so on, using drills having diameters D3 and D4 of progressively smaller diameter. As the layer count increases 
25 the controller will tailor the hole for the best viewing. 

The drilling machine vacuums all debris from the hole 42. and controls the drilling process so that the PCB 
material does not become molten and smear the optical Image. This is accomplished, in the conventional man- 
ner, by controlling the drilling tool rotattonal rate and feed rate to prevent smearing the epoxy, so that the cutting 
point temperature remains below the melting temperature of epoxy. 

The cone-shaped opening region 42 allows all the exposed portfons of the layer pattern crosses to be 
viewed from a posltton above the PCB 40. The predsion X-Y positioning system is operated to sequentially 
position each opening 42 directly beneath the lens 64 of the vision system. As each opening is positioned be- 
neath the lens, the vision system is then operated to illuminate the opening with red illumination light, and a 
single image of the opening regfon is captured by the vision system. FIG. 7 illustrates an exemplary camera 
image of an opening 42, with the exposed edges of successive layer test patterns visible; in this example, the 
test patterns are aligned with the nominal cross axes 31Aand 318, and therefore illustrate the nominal case 
in whfch the laminated layers have retained perfect alignment after the lamination process. In such a case, no 
reviston need be made to optimize the drill coordinates. 

FIG. 8 illustrates an exemplary camera image of an opening 42 in an exemplary, typical PCB 40, wherein 
there has been shifting and/or rotation of the board layere 40A-40D relative to one another during the lamin- 
ation process. The shifts and rotattons of the layers relative to one another are visible in a single Image taken 
by the image system 62 through lens 64. 

The image of the opening top view as shown In FIGS. 7 and 8 is digitized and processed by the image 
processing computer 72 to determine the amounts of shift of the layere 40A-D relative to one another. In effect, 
the image processing computer detemlnes X and Y offset values for each layer, representing the offset of the 
actual center of the test pattern from the nominal center of the test pattern. 

All compensation data for each target pattern opening is gathered with one Image orf rame. No mechanical 
mechanism Is required to move in and out or rotate during the information gathering. A high depth-of-f ield gag- 
ing lens 64 virtually eliminates errore resulting from small changes in the line-to-lens distance. Such a gaging 
lens views all part features straight on. producing undistorted images and pennitting a straight view down bores 
and holes. Identfcal part features can be gaged the same size over the entire depth-of-field. independent of 
their distance from the lens. Such lenses are commercially available. Exemplary lenses suitable for the purpose 
are marketed by Melles Griot Optics, 55 Science Pariovay. Rochester, NY 14620. e.g., as the Hnvarigon Optical 
Comparator" I ns series, such as bas and f bced magnification lenses, mod I numbers 59 LGA 499 and 59 
LFG410.Suchat lecentrici ns does not require a zoom lens function, and therefor avoids the en-ors inherent 
in zoom I ns measuring techniques. 

Th simplicity of this meth d allows for long term accuracy without periodic calibrations and adjustments. 
There is no delicate mechanism, prone t damag and misalignment, whfch must enter Int a confined area 
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tojudg the layer alignm nts. 

Thecomput rvision system determines th centerofthecrosstarg tforeachlay r by averaging the meas- 
ured distance of the four exposed cross-sectional segments of the target pattern lines in th same layer, from 
th nominal center positi n of the target Th n the center points of each cross target are used to compute a 

5 center for the pattern location. This may simply an average of the center positions for each layer, or a best fit 
of the centers of each layer to provide a particular test pattern center location. Software can be used to weigh 
the importance of each layer. In this way, layers with critical clearance will be favored nru>re than less important 
ones. If all layers have the target cross present, the vision system will determine which layers are which by 
their position about the lens center point 

10 After all four corner target areas are examined, and the vision computer has processed the images to pro- 

vide a set of coordinates for each target area which indicates the actual center of that area, the drilling system 
controller applies a mathematical algorithm equivalent to "least squares best f ft" to determine the compensation 
values to apply to the drill program. The correcton is defined in tenms of conventional drilling machine conv 
pensation values of X-offset, Y-offset, X-stretch, Y-stretch and rotation. The compensation is only used for the 

IS particular PCB analyzed by the system, and nnust be determined again for each new PCB. The drilling machine 
must control the sequence of events to ensure offsets for a previous panel are not applied to the target locations 
of a new panel. 

An exemplary procedure and algorithm employs the foDowing steps to provide the compensated drill co- 
ordinates. This procedure employs the coordinate system shown in FIG. 13, where: (X,Y) = coordinates of 
20 points relative to the x-y-stage's home coordinate _s^temJ[X.Y) = coordinates of points relative to the RGB's 
theoretical or nominal center coordinate system. (X,Y) or (X,Y) = data points of the theoretical (tooling) board. 

1) Input Data: 

Read (X,Y) data points from the vision system based on the x-y stage's home coordinate system. 
O^i.Yi) = first data point; (Xi.YJ = second data pomt;...(Xo,Ya) = nth data point, where n is an even number. 
25 2) Transform data points into p(,Y) coordinate system, which is located at the center of symmetry of the 

theoretical board position: 

x„ - X„ - AX 
Yn = -Y„ + AY 
where AX and AY are tool constants. 
30 3) Detenmine tool constants: 

(AX^Y) = offset to theoretical board center location. 
_ PC,Y) = coordinates of idea) or tooling board, where n = 1 , 2, ... N = number of points. Xo = Xn -AX, 
andYn = -Yn+AY. 

4) Compute constants for a set of input data: 

35 
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45 where all summations are over n = 1 to N. 

5) Compute transformation variables: 

0 = arctan ((B - A)/(l + J)) 
M = KB - A)2 + (I + J)x2]^«j/(G + H) 
t, = [D(B - A) - qi + J)J/[N[(B - A)2 + (I + J)2]i/2] 
50 ty = [C(A - B) - D(l + J)]/[N[(B - A)2 + (I + J)^^^ 

6) Compute actual drill pattern coordinates based on known/theoretical or ideal coordinates: 

X| = M[(^ + t,-AX)cose + (-Jr, + AY + ty)sine] + AX 
Y| = M[(X, + t-AX)sin9 - ( - Y, + AY + ty)cose] + AY 

or 

M x, = MIpc, + gcos9 + (Y, + ysin8] 

y, = MK5ci + tJsine - (7, + ty)cose] 
To rework any drill locations on the panel, or to compl t a drilling operation after th board has been re- 
moved after partial drilling to perform anoth r proc ssing step, the comp nsatbn values must be restored. 
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Three techniques are possibi . On techniqu is to use the vision machine to reinspect the already cut cone- 
shaped inspection holes to d termin th correction values. As cond technique is t cut another cone-shaped 
hole at a given offset fron^ th first, and inspect and calculate offsets again. This requires a snnall array of targ I 
crosses, e.g. four t six crosses at each corner, b incorporated in the artwork. One ex niplary array 30A is 
5 shown in FIG. 12. A third technique is to sav the compensation data in a print-out or other fomnat so it can be 
re-entered when the panel is reworked. 

Statistical data can be gathered from a batch of panels to further improve the lamination registratton proc- 
ess. The computer provides the layer offset data which can be used as indicators to determine whether changes 
to the process are improving the layer registratbn. 

10 FIGS. 9A-9B illustrate a simplified flow diagram of the preferred embodiment of the optimization method. 
At step 202, a multilayer PCB with the special test patterns shown in FIG. 3 is provided, and at step 204 installed 
on the drilling plate of the drilling system. The particular locatfon of the PCB is registered by convention means 
such as pins which extend from the plate and are receded in spedal openings formed in the PCB. Next, at 
step 206, conical openings are cut at each test pattern nominal location, and debris from the cutting operation 

IS is removed by a vacuum system whfch is part of the drilling system. Such vacuum systems are well known in 
the art During this step, the X-Y posittoning system is controlled to move the PCB under the drilling spindle, 
with the nominal center of the particular test pattern located directly beneath the drilling tool. 

At step 208, the X-Y position system of the drilling system of operated to positton the PCB relatwe to the 
horizontal projectton of the lens so that a conical regton is directly beneath the lens, with its nominal center 

20 aligned with the center axis of the lens 64. An image of the conical region is taken, digitized and stored in mem- 
ory, or immediately processed to provide the X and Y offset values for each layer test pattern. 

At 6tep 210 the respective images of the conical openings and the visible parts of the test patterns are 
processed to detennine deviattons of actual layer test pattern locations from the nominal locations. Thus, this 
step includes processing the images to provkJe, for each test pattern visible in the image, a set of X and Y 

25 offset values specifying the offset of the actual measured test pattern center from the nominal lest pattern 
center location. These values can be determined by calculating the offset of the two vertical line segnrtents of 
the target from the nominal center, averaging this offset to give the Y offeet value, calculating offeets of the 
two horizontal line segments, and averaging these offset values to give the X offset value. A composite X,Y 
offset data coordinate set for the set of test patterns at the conical opening is then detenmined. The remaining 

30 conical regions are in sequence positioned beneath the lens, imaged and the images are in turn stored in menv 
ory, or immediately processed to give the X and Y center offset values for each layer visible in these openings, 
and then the composite X,Y offset data coordinate set for all the layers visible in the partk»jlar image. Vision 
systems are conrvnerdally available which can provide, or be readily adapted to provide, the type of measure- 
ments needed from the digitized image. For example, the Image-LC vision system, comprising an image proc- 

35 essor, nriarketed by Matrox Electronix Systems, Ltd,, 1 055 St Regis Boulevard, Dorval, Quebec, Canada H9P 
2T4. is suitat>ie for the purpose. Such an image processor can be readily programmed to sort and recognize 
the partknjiar cross-sectional segment shape created by the conical or stepped opening, determine the coor- 
dinates of the image shapes found, and correlate the positions to associate four segment locatk>ns for each 
concentric ring for a layer's test pattern. 

40 The X and Y offset data provided regarding each test pattern layer can be used (step 212} to determine 

whether the PCB layer shifts are sufficiently great that the board cannot be used, Le., the layers have shifted 
to such a degree that an acceptable board could not result from the drilling operations. This test is performed, 
e.g., by comparing the differences in offsets l>etween the layers to a predetermined threshold, indicating 
whether the layers have shifted in position relative to each other by such a degree that the break-out will exceed 

45 the tolerance. If the board is not usable, it is rejected (step 214), and operatk)n branches back to step 202 to 
commence work on another PCB. 

If the PCB is determined to be usable, then at step 216 the drilling pattern is optimized using the pattern 
deviation data and a least square, best fit algorithm to determine the compensation values to be applied to the 
nominal locations at which holes are to be drilled. The compensation values are the conventional X-offset. Y- 

50 offset, X-stretch/shrink, Y-stretch/shrink and notation values which are also determined by the conventtonal X- 
ray process. This optimization algorithm can be conducted by the controller 70, after receiving the X and Y 
offeet data processed in step 21 0. The exemplary algorithm process described above can be used. Other al- 
gorithms are available, which can calculate a set of compensatton values and then compute a set of compen- 
sated drill coordinates. Conventk>nal drilling system contrdl rs.e.g.thenrK)del45controll rfromSieb&M yer, 

55 includes an algorithm to calculat as t of compensation values (X-offset,Y-offset,X-stretch/shrink,Y-str Ich- 
/shrink, and rotation), giv n data from th visk>n syst m, whtoh are then appli d to ach set of nominal drill 
coordinates to comp nsat the nominal drill coordinates. 

The drilling system is then operated at step 218 to drill the hole pattern in accordance with the optimized 
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drill location pattern. Operati n then returns to step 202 to process another PCB. 

The advantages f using this technlqu are many. The conventional technlqu to perform an equivaJ nt 
function uses an X-ray nnachine. Drilling test coupon pads and viewing them on an X-ray machin in the con- 
ventional manner nnay n ed to be repeated several times. This is V rytim consuming and cannot provide the 

5 pre-drilling qualification possit)le with the con m thod and mathentatical analysis. More ver, the X-ray tech- 
nique does not provide adequate measurement resolution, and a small amount of accuracy (typically 0.0004 
inch) is lost In removing and replacing the panel on the tooling plate. As a circuit Ixxard panel progresses further 
through the fabrication process it becomes increasingly more expensive to scrap. This invention improves the 
fabrication process In several ways. It permits inspection of the product at an early phase of the drilling cycle. 

10 Rejecting the panel at the early phase of work, before an operator spends twenty minutes X-raying coupons 
and several hours drilling 50,000 holes, is far more efficient The cone target technique is completely automat- 
ed, renKJving the operator errors that often plague a complicated process. The accuracy is Improved because 
the vision system can make 1/4 pbcel (0.8 micron) judgments without the errors caused by removing the panel 
for X-ray measurements. Thus, benefits of the Inventton include inspection of all layers of the PCB at the same 

IS Wrne, rapid pattern optimization cycle, high resolution accuracy of measurenDent. perfonrwince of optimization 
and drilling process on the same machine, elimination of tooling error introduced by renrK>ving the PCB for X- 
ray measurements, elimination of a radiation hazard inherent in X-ray measurements, multi-station operation, 
use of an optical method which does not require a zoom lens with attendant reductton in measurement accu- 
racy, and reductton In capital expense of the measurement system over expensive X-ray systems. 

20 In the foregoing examples, the special test patterns have been fonmed in each layer of the PCB. It will be 

understood that some multilayer PCBs may include layers whose relative positton is not critical, and wherein 
rt is unnecessary to provide compensation. In this case, the special test patterns need not be formed in such 
layers. 

It is understood that the above-described embodiments are merely lllustrath^e of the possible specific em- 
25 bodinr^ents which may represent principles of the present invention. Other arrangements may readily be de- 
vised in accordance with these principles by those skilled in the art without departing from the scope and spirit 
of the Invention. 



30 Claims 

1 . A method for optimizing drill coordinates In a laminated nmjitilayer printer circuit board (40), characterized 
by a sequence of the folk)wing steps: 

forming one or more test patterns (30) in at least two of said layers (40A, 40B) prior to lamination 
35 of said layers to form said board, said test patterns an^nged at one or more predetemnined nominal test 

pattern locations in said layers, so that a test pattern in at least one layer nominally overlays a test pattern 
in another said layer under nominal board assembly conditk>ns; 

forming an opening (92) in an exposed surface of said laminated circuit board at each of said test 
pattern locattons, said openings having a depth sufficient to penetrate each layer having said test patterns 
40 formed therein and having a cross-sectional dimension which decreases in size from a dimension at said 

board surface to a smaller dimension at said depth, thereby exposing portions of said test patterns; 

forming from above said surface a single in^ge of each said opening, each said image comprising 
pbcels representing said exposed edges of said test patterns; 

processing said images of said openings to determine, from said exposed portions of said test pat- 
45 terns, deviations from nominal positfons of said test patterns of said layers; and 

optimizing drill coordinates to compensate for said deviations. 

2. A method according to Claim 1 . further characterized in that said opening (42) is tapered and formed by 
a conical cutting tool (45). 

50 

3. A method according to any preceding claim, further characterized in that said opening has a stepped 
cross-sectional configuration (42*) defined by a plurality of discrete layer cross-secttonal layer dimensions 
(D1 , D2) which progressively decrease from a top layer to a layer at an extreme depth of sakJ opening. 

55 4. A method according to Qaim 3. further charact rized in that said opening (42') is fonn d by use of a plur- 
ality of drilling tools, wherein a first tool having a first diameter (D1) is used to cut an opening in an up- 
penmostiay rtob exposed, a second tool having a s conddiamet r(D2) small r than said first tool di- 
ameter is used to cut an opening in a second layer below said uppermost lay r, and tools of progressively 
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smaller diamet rar used to cut penings in any layers t>eiow said second layer. 

5. A method according to any preceding daim. further characterized in that said test patterns (30) comprises 
first and s condtransv rse conductor lines (32, 34), and said exposed portions f ach test pattern ar 
nominally dispos data90degr e spacing at>out a p rim ter of said opening. 

6. Amethod according to any preceding daim, further characterized in that said test patterns each comprise 
an array of adjacent test patterns defined in said layers, permitting said optimizing to be repeated for a 
particular tx>ard. 

7. A method according to any preceding daim, further characterized in that said image is formed through a 
tef ecentric lens and without the use of a zoom lens. 

8. A method according to any preceding daim, characterized by the step of drilling holes in said printed drcult 
board in accordance with said optimized drill coordinates. 

9. A method according to any preceding daim, characterized by the step of detenmlning from said deviation 
data whether said board is usable, and rejecting said board if it is not usable. 

10. A method according to any preceding daim. further characterized in that said printed circuit board has a 
rectilinear configuration having four corners, and said test patterns are located in each of said corners. 

11. An automated drilling system (50) for drilling a hole pattern in a multilayer laminated drcuit board (40) at 
optimized drill coordinates, the board having formed thereon one or more spaced test patterns (30) in at 
least two of the layers (40A, 40B) prior to lamination of the layers, arranged at one or more predetermined 
nominal test pattern locations in the layers, so that a test pattern in at least one layer nominally overlays 
a test pattern In another layer under nominal board assembly conditions, the system characterized by; 

means (45, 56. 58) forforming an opening (42) in an exposed surface of said laminated circuit board 
at each of said test pattern locations, said openings having a depth sufficient to penetrate each layer (40A. 
40B) having said test patterns formed therein and having a cross-sectional dimension which decreases 
in size from a dimension at said board surface to a smaller dimension at said depth, thereby exposing 
portions of said lest patterns (30); 

inrwge forming system (62. 64, 68) forforming from above said surface a single image of each said 
opening (42), each said image comprising pixels representing said exposed portions of said test patterns; 

image processor (66) for processing said images of said openings to determine, from said exposed 
portions of said test patterns, deviations from nominal positions of said test patterns of said layers; and 

optimizing apparatus (72) for optimizing a set of drill coordinates to compensate for said deviations. 

1Z Asystem according toaaim 11, further characterized in thatsaid means forfomiing an opening comprises 
a counter-sink tool (45). 

13. Asystem according to Claim 12, further characterized in that said tool (45) indudes a cutting tip defining 
an induded angle of about one hundred degrees. 

14. A system according to any of Claims 11. 12 or 13, further characterized in that said opening (42) has a 
stepped cross-sectional configuration defined by a plurality of discrete layer cross-sectional layer dimen- 
sions (D1 , D2) which progressively decrease from a top layer to a layer at an extreme depth of said open- 
ing. 

1 5. A system according to any of Oaims 11 . 12, 13 or 14. further characterized in that said test patterns (30) 
comprises first and second transverse conductor lines (32, 34), and said exposed portions of each test 
pattern are nominally disposed at a 90 degree spacing about a perimeter of said opening, said opening 
exposes portions of said patterns disposed at nominal concentric cirdes. and sakl image processor (66) 
comprises means for detecting shifts in positions of said layers In dependence on measurements of pos- 
itions of said portions r presented in said images. 

16. A system according to any fOalms 11-15. furth r characterized in that said image forming system com- 
prises a telocentric lens (64) spaced away from said board surfac for focusing light onto an image plan . 
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17. A system according to any of Qaims 11-16, furth r characterized by drilling apparatus (54, 56, 60) for 
drilling holes in said printed circuit t)oard In accordance with said optimized drill coordinates. 

18. A system according t any of Claims 11-17. further characteriz d by a system controller (70) for d ter- 
5 mining from said deviation data whether said board ts usable, and f r rejecting said board if it is not usable. 

19. A system according to any of Qaims 11-18, further characterized in that said printed circuit board (40) 
has a rectilinear configuration having four corners, and said test patterns are located in each of said cor- 
ners. 
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